Dielectronic recombination (DR) cross sections (σ DR ) and rate coefficients (α DR ) for Mo 33+ are calculated using the angular momentum average scheme (AMA). Moreover, the resonant transfer excitation followed by X-ray emission (RTEX) cross sections (σ RTEX ) for the collision of Mo 33+ with H 2 and He targets are calculated and studied. The calculations of the cross sections are performed for both K-and L-shell excitations. A smooth change with the temperatures for α DR is found for all kinds of excitations. The rates for K-shell excitation are very small in comparison with the rates for Lshell excitation. The RTEX cross sections for Mo 33+ ions are obtained from their corresponding DR cross sections by the method of folding in the impulse approximation (IMA). σ RTEX for the K-shell excitation shows two overlapped peaks which may be attributed to the two groups in this excitation process. The present calculations are considered as a database for future comparison with theoretical and experimental data using other coupling schemes. Multiple Auger channels are complicating the dependence of the cross sections on principal quantum numbers.
Introduction
Dielectronic recombination [1] , is the dominant electron-ion recombination process in both photoionized and electron-collisional plasma. Extensive theoretical data are available for K-shell and L-shell excitations and have been presented in the recent years [2 -4] . These data including radiative recombination (RR), have been used to provide new ionization balances for both electron-collisional [5] and photoionized plasmas [6] . In ion-atom (I/A) collisions, an electron may be captured from an atomic target by a positive projectile causing an excitation of the bound-state electrons of this projectile. This process is known as resonant transfer excitation (RTE). The resonant excited states of the projectile may be relaxed by emission of X-rays. This process is known as resonant transfer excitation followed by X-rays (RTEX). Brandt [7] , showed that the RTEX in I/A collisions and dielectronic recombination (DR) in electron-ion (e/I) collisions are identical processes under the validity of conditions of impulse approximation (IMA). This means that RTEX and DR are two similar processes when the projectiles in I/A collisions are very fast. Moreover, Brandt 0932-0784 / 10 / 0600-0599 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com proved that RTEX and DR cross sections are related and, successfully, he formalized such a mathematical relationship between RTEX and DR cross sections using the Compton profile of the momentum distribution of electrons in atomic He or molecular H 2 targets.
The present work deals with the calculations of the DR cross sections and rate coefficients for the collision of Mo 33+ with a continuum electron. Then, by using these results, the RTEX cross sections σ RTEX are calculated for the collision of Mo 33+ ion (as a projectile) with H 2 and He as targets. The RTEX cross sections are studied for Mo 33+ as a member of fluorine-like ions with K-and L-shell excitations. The DR cross sections are calculated using the adapted angular momentum average scheme (AMA) [8 -11] in the isolated resonance approximation (IRA). The RTEX cross sections for Mo 33+ ions are obtained from their corresponding DR cross sections by the method of folding in IMA. All bound state wave functions required in these calculations are generated by the single configuration HartreeFock (SCHF) program. σ RTEX , for K-shell excitation, shows two peaks [12] in the fluorine-like isoelectronic sequence. However, these two peaks are not separated; it is easy to know the states responsible for each peak.
Moreover, σ RTEX for L-shell excitation gives two separated peaks. The obtained results for σ RTEX are consistent with the previous results in reference [11] , for Kshell and L-shell excitations. In the recent years [13 -17] many calculations have been done on many ions with other coupling schemes. These DR data are suitable for modelling of solar and cosmic plasma under conditions of collisional excitation.
Theory
The calculation of the energy dependent DR cross sections were carried out using the angular momentum average (AMA) scheme, which was used successfully in the recent study of DR [11] Many Auger channels are considered for the intermediate states (a), (b), and (d). Distorted wave calculations were performed to generate the approximate free electron, which is attached to each target state to yield the continuum state. In the calculations we consider n ≤ 6 and 0 ≤ ≤ 4, and the rest of states are derived by the method of extrapolation, see Hahn [12] . Moreover, for L-shell excitation, the ∆n = 0 channel has not been considered, because of the difficulties in the calculation when there is a hole in the particular shell (case (c)).
In the DR process the electron-ion collision may be clarified schematically as follows:
where e c is the continuum electron (projectile). The cross section is given by
where p e is the momentum of the free electron. Moreover, V a (i → d) and ω(d) are the radiationless capture probability and fluorescence yield, respectively, given by
and
where g i and g d are the statistical weights of initial and intermediate states. Γ r (d) and Γ a (d) are the radiative and Auger decay widths of the d-state. Equation (3) is related to the Auger emission probability while, (4) is related to both Auger (A a ) and radiative (A r ) probabilities. τ 0 is the atomic unit of time, and a 0 is the Bohr radius. ∆e c is chosen to be 10 Ry. The DR rate coefficients are given by
The contribution to the high Rydberg states (HRS) is then estimated using the following formula [18] :
where n c − 1 is the principal quantum number of the last detailed calculated level and corresponds here to n = 6. The RTEX process can be represented schematically as
The atom B in the ion-atom collision plays no role in the RTEX process. The impulse approximation (IMA) is utilized to relate the RTEX cross section (σ RTEX ) to the DR cross section (σ DR ). The relationship between DR and RTEX cross sections, following Brandt [7] and Hahn [12] , is given by
where M is the mass of the projectile ion of energy E, J B (p z ) is the Compton profile, and p z is the z-component of the momentum.
Results and Discussion

DR Cross Sections
The dielectronic recombination cross sections for the collision of the projectile electron with the Mo 33+ ion were calculated using the angular momentum average scheme (AMA).
(a) K-shell excitation: The DR cross sections are calculated for the collision of Mo 33+ with a contin- uum electron, where the energy bin size is considered as ∆e c = 10 Ry. It is found that the dominant states in K-shell excitation are 1s2s 2 2p 6 n with n = 3 and 4, and = 0, 1, and 2 and 3pnp states with n = 3 to 6, ( Table 1) .
(b) L-shell excitation: The DR cross sections for 2s-and 2p-excitation of Mo 33+ + e c c are calculated. The energy bin size ∆e c is taken to be 10 Ry as in 1s-excitation. The DR cross sections for K-and Lshell excitation are presented in Table 1 . It has to be noted that the DR cross sections for L-shell excitation are much larger (a factor of 10 3 for the dominant states) than that in the case of K-shell excitation. Whereas, as expected, the continuum energy e c for K-shell excitation is much larger than that for Lshell excitation. Too many states are affected in the cross sections such as 3snp, 3snd, 3pnd, and 3dnd, but the most effective state in both excitations are 3d 2 states.
DR Rates
The DR rate coefficients for Mo 33+ are calculated in the isolated resonance approximation for the following two modes of excitations:
(a) K-shell excitation: The DR rates for Mo 33+ when 1s-excitation is considered are given in Figure 1 . α DR for Mo 33+ varies smoothly with kT . In addition, the DR rate coefficient has a peak at the energy kT = 840 Ry.
(b) L-shell-excitation: The DR rates for Mo 33+ with 2s-excitation are calculated in IRA approximation at different thermal energies of the continuum electrons. The contribution of high Rydberg states (HRS) are obtained at n c = 7, i. e. the detailed calculations are stopped at n = 6, where A a and A r start to scale as 1/n 3 . Moreover, the DR rates are now calculated for the same ion, but with 2p-excitation using the same way as 2s- Fig. 3 . Variation of RTEX cross section with the projectile energy E (MeV) in case of K-shell for the F-like Mo 33+ ion in collision with both H 2 and He. Table 2 . DR rates α DR values (in 10 −12 cm 3 /sec) from [13] and [17] in comparison with the present work for L-shell excitation for Mo 33+ ion. (Total means ∆n = 0 and ∆n = 0 channels). [13] [18] Present work T (keV) 2 excitation at different kT values of the projectile electrons. The variations of DR rates, α DR (for both 2s-and 2p-excitation), with the thermal energies of the continuum electrons kT (Ry) are presented in Figure 2 . From the figure it is clear that the L-shell excitation rate coefficients for Mo 33+ are peaked around kT = 60 Ry. It has to be noted that the DR rate peak value for 2p-excitation is twice larger than the DR rate peak value for 2s-excitation. Moreover, the DR rates for L-shell excitation are much larger (a factor of 10 3 ) than the DR rates for K-shell excitation.
A good agreement is found between the present results for L-shell excitation with the results of Chen [17] , which are shown in Table 2 . The calculations of Chen were carried out in the isolated resonance approximation for temperatures in the range 0.001 ≤ T ≤ 9 keV. The Auger and the radiative rates for each autoionizing state were computed explicitly using the multiconfiguration Dirac-Fock (MCDF) method in intermediate coupling and including configuration interaction. Moreover, the differences between the results of Fournier [13] and both, Chen [17] and the present work, may be attributed to the absence of the ∆n = 0 channel.
RTEX Cross Sections
The RTEX cross sections are obtained from their corresponding DR cross sections for the following modes of excitations:
(a) K-shell excitation: Figure 3 shows the resonant transfer excitation cross sections for the collisions Mo 33+ + H 2 and Mo 33+ + He. The RTEX cross section shows two peaks corresponding to the two groups of excitation in case of K-shell excitations.
(b) L-shell excitation: The RTEX cross sections for the collision of Mo 33+ + H 2 and Mo 33+ + He are presented in Figure 4 .
It is clear that the collision with He gives a broader cross section than that with H 2 . This reflects the nature of the Compton profile for the momentum distribution of the electrons in the He target, which is broader than that in the H 2 target. Two separate peaks are found in the case of L-shell excitation, which agree with the results obtained in [10] , where the two-peak behaviour becomes more obvious for ions with Z > 30.
Conclusions
The present theoretical results for the DR cross sections, rate coefficients, and RTEX cross sections of fluorine-like Mo 33+ ions forming neon-like Mo 32+ ions are calculated using the angular momentum average scheme. The study is performed for both K-shell excitation and L-shell excitation. The results can be summarized as follows:
• The dominant states in the DR cross sections are 1s2s 2 2p 6 n with n = 3 and 4, and = 0, 1, and 2 and 3pnp states with n = 3 to 6.
• The DR rates α DR are varying smoothly with kT and peaked at the energy kT = 840 Ry.
• The RTEX cross sections for Mo 33+ + H 2 and Mo 33+ + He are found to have two peaks corresponding to the two groups of excitation.
(b) L-shell excitation
• The states 3snp, 3snd, 3pnd, and 3dnd, are the effective states in DR cross sections as well as the 3d 2 states.
• The DR rates for 2p-excitation is twice as much as that for 2s-excitation. However, they both peaked around kT = 60 Ry.
• The DR rates for Mo 33+ calculated in the present work and the calculation of Chen [17] (Table 2) are smaller than the same rates for Fournier [13] , which is attributed to the neglecting of the ∆n = 0 channel.
• The RTEX cross sections are showing two separate peaks and they are broader for the collision with He than the collision with H 2 .
• The DR cross sections for K-shell excitation are much smaller than those for L-shell excitation by a factor of 10 3 .
• The DR rate coefficients for L-shell excitation are larger than for K-shell excitation by a factor of 2 × 10 3 .
• By the same way, the RTEX cross sections for Lshell excitation are larger than for K-shell excitation by a factor of about 10 4 .
• This gives that the DR cross sections, rate coefficients, and RTEX cross sections are more efficient processes for outer shell excitations.
